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ABSTRACT
We present a new X-ray study of NGC188, one of the oldest open clusters known in
our Galaxy (7 Gyr). Our observation with the Chandra X-ray Observatory is aimed
at uncovering the population of close interacting binaries in NGC188. We detect 84
sources down to a luminosity of LX ≈ 4×10
29 erg s−1 (0.3–7 keV), of which 73 are
within the half-mass radius rh. Of the 60 sources inside rh with more than 5 counts,
we estimate that ∼38 are background sources. We detected 55 new sources, and con-
firmed 29 sources previously detected by ROSAT and/or XMM-Newton. A total of
13 sources detected are cluster members, and 7 of these are new detections: four ac-
tive binaries, two blue straggler stars (BSSs), and, surprisingly, an apparently single
cluster member on the main sequence (CX 33/WOCS5639). One of the BSSs detected
(CX84/WOCS5379) is intriguing as its X-ray luminosity cannot be explained by its
currently understood configuration as a BSS/white-dwarf binary in an eccentric orbit
of ∼120 days. Its X-ray detection, combined with reports of short-period optical vari-
ability, suggests the presence of a close binary, which would make this BSS system a
hierarchical multiple. We also classify one source as a new cataclysmic-variable candi-
date; it is identified with a known short-period optical variable, whose membership to
NGC188 is unknown. We have compared the X-ray emissivity of NGC188 with those
of other old Galactic open clusters. Our findings confirm the earlier result that old
open clusters have higher X-ray emissivities than other old stellar populations.
Key words: open clusters and associations: individual (NGC 188); X-rays: binaries;
binaries: close; stars: activity; cataclysmic variables; blue stragglers
1 INTRODUCTION
X-ray production in single late-type stars is powered by a
dynamo mechanism in their convective zones, which means
that the faster the star rotates, the higher is its X-ray lumi-
nosity. According to the Skumanich law (Skumanich 1972),
the rotational velocities of single low-mass stars are pro-
portional to the reciprocal of the square root of their age:
as stars get older, they tend to slow down due to mag-
netic braking (Pallavicini 1989), and correspondingly their
X-ray emission decreases. Our Sun is one such old star (∼4.5
Gyr) that has an X-ray luminosity of about 1026−27 erg
s−1 (0.1–2.4 keV; Peres et al. 2000). Such X-ray luminosi-
ties are nearly undetectable beyond distances of about a
kiloparsec with the current generation of X-ray telescopes,
not even with the sensitivity of the Chandra X-ray Ob-
servatory. However, X-ray observations of old (age & 1
Gyr) open clusters have detected a rich population of X-ray
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sources that are associated with these clusters. Follow-up
studies showed many of these sources to be close binaries
of late-type stars that have been spun up by tidal inter-
action (Belloni et al. 1993; Gondoin 2005; Giardino et al.
2008; Gosnell et al. 2012; van den Berg et al. 2004, 2013;
Vats & van den Berg 2017). Such tidally interacting bina-
ries, also known as active binaries (ABs), can have either
two detached stars comprising the binary, or can have a
contact or semi-detached configuration like WUMa and Al-
gol binaries, respectively. X-ray sources in old clusters can
also be accretion-powered, as in the case of cataclysmic vari-
ables (CVs), where a white-dwarf primary accretes matter
from a late-type main-sequence donor. These CVs are typi-
cally found to the blue of the main sequence in the colour-
magnitude diagram (CMD) due to the light from the accre-
tion disk or stream, and possibly due to the contribution
from the white dwarf itself. There are also some exotic X-
ray sources found in old open clusters, like blue straggler
stars (BSSs) and sub-subgiants (SSGs), however the origin
of the X-ray emission from these sources, as well as the
c© 2018 The Authors
2 S. Vats et al.
evolutionary status of these stars themselves, is not well
understood (e.g. Geller et al. 2017). Old open clusters are
very good laboratories to study binaries, such as ABs, CVs,
SSGs and BSSs, as it is possible to obtain cluster mem-
bership information—and therefore age and distance—for a
large number of sources with much less effort than for X-
ray sources in the Galactic field. Also, the stellar densities
of open clusters lie between those of dense globular clus-
ters (GCs; & 104M⊙ pc
−3) and the solar neighbourhood
(∼ 0.1M⊙ pc−3). Hence, studying old open clusters aids us
in understanding the role of stellar density in stellar and
binary evolution. Verbunt (2000) found that the old open
cluster M67 has a higher X-ray emissivity than most GCs.
Ge et al. (2015) demonstrated the elevated X-ray emissivity
of two open clusters, viz. NGC6791 and M67, with respect
to old stellar populations other than GCs, like dwarf galaxies
and the local solar neighbourhood. In Vats & van den Berg
(2017) we were further able to improve the statistics when
we found that the old open cluster Collinder 261 (Cr 261;
age ∼ 7 Gyr) is also over-luminous in X-rays compared to a
few dense GCs.
To expand our understanding of open-cluster X-ray
sources and the evolution of binaries in different environ-
ments, we are undertaking a survey with Chandra of old
open clusters with ages between 3.5 Gyr and 10 Gyr. The
observations are designed to reach a limiting luminosity of
at least LX ≈ 1030 erg s−1 (0.3 – 7 keV). In the current pa-
per, we focus on the binary population of NGC188, which
at an estimated age of ∼7 Gyr (Sarajedini et al. 1999), is
one of the oldest open clusters in the Galaxy. It lies at
a distance of 1650±50 pc, has half-mass and core radii of
rh = 8.
′3±0.′6 and rc = 4.′4±0.′1 respectively, and a redden-
ing of E(B − V ) = 0.083 (Chumak et al. 2010). NGC188
was first observed in X-rays using the ROSAT Position
Sensitive Proportional Counter (PSPC) with a flux detec-
tion limit of ∼10−14 erg cm−2 s−1 in the energy range 0.1–
2.4 keV (Belloni et al. 1998), equivalent to a luminosity limit
of ∼ 4 × 1030 erg s−1 for the quoted distance. The cluster
was re-observed with XMM-Newton as a performance ver-
ification object with a luminosity threshold of ∼1030 erg
s−1 (0.5–2.0 keV; Gondoin 2005), but the cluster was not
centred at the aimpoint during the observation, leading to
asymmetric coverage of the cluster. Recent studies by the
WIYN Open Cluster Survey (WOCS) have led to signifi-
cant progress in our knowledge of NGC188. Membership
of the cluster was established using proper-motion studies
performed by Platais et al. (2003) and stellar radial-velocity
measurements performed by Geller et al. (2008). We use
both of these studies for determining cluster membership of
the likely and candidate optical counterparts to the Chandra
sources detected in the study we present here.
NGC188 hosts one of the best-studied populations
of BSSs (e.g. Geller & Mathieu 2011, Gosnell et al. 2014,
2015). BSSs are stars that are bluer and brighter than the
main-sequence turnoff point of a coeval population. They
were first discovered in the globular cluster M3 by Sandage
(1953), however, our understanding of their formation is still
quite poor. There are currently three suggested scenarios for
how BSSs are formed – mass transfer in a binary system,
merger of two (or more) stars due to a direct collision, and
merger of the inner close binary induced by a tertiary com-
panion in a hierarchical triple (see Davies (2015) for a re-
Figure 1. V -band image of NGC188 and its surroundings from
Stetson et al. (2004). The white dashed circle shows the central
20′ of the ROSAT PSPC observation of NGC188. The blue com-
posite region shows the area covered by the XMM-Newton EPIC-
PN and EPIC-MOS detectors. The black squares show the area
covered by the Chandra ACIS-I chips. The red cross marks the
centre of the cluster, and the outer and inner yellow circles mark
the half-mass radius, rh, and the core radius, rc, respectively.
view). Uncovering blue-straggler formation scenarios there-
fore contributes to our understanding of stellar encounters
in clusters. Not all BSSs are expected to be sources of X-ray
emission. However, if X-rays are observed from a particular
BSS this could give away valuable clues to its current con-
figuration (e.g. it may indicate the presence of a close binary
in the system) and thereby constrain its past evolution.
In Section 2 we describe the observations and analysis.
In Section 3 we explain how we performed the source classi-
fication and we present our results. In Section 4 we discuss
our findings, and give details about two particularly inter-
esting sources, including a BSS (WOCS5379) whose X-ray
emission is not well understood. Section 5 is a summary of
this work.
2 OBSERVATIONS AND ANALYSIS
2.1 X-ray Observations
NGC188 was observed with the Advanced CCD Imaging
Spectrometer (ACIS; Garmire et al. 2003) on board Chan-
dra starting on 2013 July 6 10:25 UTC and the total expo-
sure time of the observation was 24.7 ks (ObsID 14939).
The observation was made in very-faint, timed exposure
mode, with a single frame exposure time of 3.1 s. The
CCDs used were I 0, I 1, I 2 and I 3 from the ACIS-I array,
and S 3 from the ACIS-S array. The centre of the cluster
(α2000 = 0
h47m12.5s, δ2000 = +85
◦14′ 49′′; Chumak et al.
(2010)) was placed close to the Chandra aimpoint on the
ACIS I 3 chip, so that most of the cluster area within the
MNRAS 000, 1–20 (2018)
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half-mass radius rh was imaged on the ACIS-I chips (see
Figure 1 for the chip layout).
We reduced the level-1 event file created by the standard
processing pipeline of the Chandra X-ray Center using the
CIAO 4.5 routines and the CALDB 4.5.5.1 calibration files.
We use the chandra_repro reprocessing script to obtain the
level-2 event file. A background light curve for the energy
range 0.3–7 keV was created with the dmextract routine
in CIAO using source-free areas of the ACIS-I chips, and
was analysed with the lc_sigma_clip routine. We did not
observe any background flares with more than 3σ variations
from the average background count rate. Therefore, we used
events detected during the entire observation for our further
analysis.
2.2 X-ray Source Detection and Source
Characterisation
X-ray source detection and characterisation was performed
in a similar manner as was done for the cluster Cr 261
by Vats & van den Berg (2017). We summarise the method
here. X-ray analysis was performed only on data obtained
from chips I 0, I 1, I 2 and I 3, within the energy range of
0.3–7 keV (broad energy band). This energy range was fur-
ther divided into soft (0.3–2 keV) and hard (2–7 keV) energy
bands for our analysis. We did not use data from chip S 3,
as S 3 lies far from the aimpoint, leading to large positional
errors on sources detected on this chip. These large errors
make it difficult to securely identify optical counterparts,
and thus to classify the sources.
The CIAO source detection routine wavdetect was run
for eight wavelet scales ranging from 1.0 to 11.3 pixels, each
increasing by a factor of
√
2. Exposure maps were computed
for an energy value of 1.5 keV. The wavdetect detection
threshold (sigthresh) was set at 10−7, for which the to-
tal number of spurious detections expected is 3.35 for all
four ACIS chips and eight wavelet scales combined. For the
three energy bands, we detected 72 distinct X-ray sources
with more than 2 counts (0.3–7 keV). To check if we had
missed any real sources, we ran wavdetect again for a more
lenient detection threshold of 10−6, and found 84 distinct
X-ray sources. The number of spurious detections expected
for this threshold for all wavelet scales, over all four chips
is 33.5. One of the twelve extra sources found for the detec-
tion threshold of 10−6 matches with the known variable V 04
(Hoffmeister 1964), which is a short-period WUMa variable
and a plausible X-ray source. We flagged these extra twelve
sources, because the majority are likely to be spurious, but
have kept them in the master X-ray source list.
For cross-correlating the optical and X-ray catalogues,
we calculate the positional uncertainties on the X-ray
sources by using the 95% confidence radius on their wavde-
tect positions, Perr (Hong et al. 2005). We determined the
net source counts using ACIS Extract (AE) (Broos et al.
2010, version 2013mar6) as wavdetect is not optimised for
this task. All events in the energy range of 0.3–7 keV were
extracted. The extraction regions enclose ∼90% of the PSF
at 1.5 keV. For sources with five counts or more that spend
more than 90% of the total exposure time on the ACIS-
I detector (56 sources in total), AE performs variability
characterisation based on a Kolmogorov-Smirnov (K-S) test
on the event arrival times. Based on the K-S variability
test, there are 52 sources with no evidence for variability
(0.05 < PKS); two sources that showed possible variability
(0.005 < PKS < 0.05; CX 66, CX 75) and two that were
definitely variable (PKS < 0.005; CX1, CX 11), where PKS
is the probability of having a constant count rate. Neither
CX1 nor CX11 is a member of NGC188. The optical coun-
terpart of CX 1 is an optical photometric variable—V08
(Kaluzny & Shara 1987)—for which a binary origin was con-
sidered in Mazur & Kaluzny (1990). We classify CX 11 as
a likely background active galactic nucleus (AGN; Section
3.3).
Only two sources in our catalogue (CX1 and CX2) have
more than 100 net counts (0.3–7 keV) with the brightest
source CX 1 having 256 net counts. For most of the other
sources, the spectral shape of the X-ray emission is poorly
constrained because of the low number of counts detected.
We calculated the unabsorbed X-ray fluxes, FX,u, using the
Sherpa package in CIAO. We assumed a 2 keV MeKaL
model (xsmekal) and a neutral hydrogen column density,
NH = 5×1020 cm−2 (obtained using the adopted E(B−V )
for NGC188, and the conversion between AV and NH given
in Predehl & Schmitt 1995), using the xstbabs model. A
MeKaL model is appropriate for ABs as it describes the
emission from a hot, diffuse gas or optically thin plasma
typical for stellar coronae (Gu¨del 2004). Since we do not
know the underlying spectrum of many of our sources, we
explored the effect of using different spectral models on the
values of FX,u. We compared the values of the unabsorbed
flux obtained using the 2 keV MeKaL model with those ob-
tained using a 1 keV MeKaL model (xsmekal), a 10 keV
thermal bremsstrahlung model (xsbrems) and a power law
model (xspowerlaw) having a photon index Γ = 1.4. We used
the same absorption model and value in all cases (xstbabs).
The unabsorbed flux values were, on average, about 14%
smaller, 26% larger and 33% larger than the value for the
2 keV MeKaL model, respectively.
We characterise the spectral properties of our X-ray
sources using the method of quantile analysis (Hong et al.
2004). In this method, the median energy, E50, and 25% and
75% quartile energies of the event energy distribution (E25
and E75, respectively) of a source are used to determine its
hardness and spectral shape. For sources with few photon
counts, conventional hardness ratios, which use pre-defined
hard and soft energy bands, may not give meaningful results
if all those events lie only in either one of the bands. Details
of the source properties are presented in Table 1, and the
quantile diagrams are shown in Figure 2.
2.3 Optical Source Catalogue and X-ray and
Optical Cross-matching
We created an optical master catalogue for NGC188 by com-
bining the catalogues provided in Platais et al. (2003) and
Stetson et al. (2004). The positional errors in Platais et al.
(2003) are different for each source and are between 1.9 mas
and about 100 mas, both in right ascension and declination.
The Stetson et al. (2004) catalogue is a combined catalogue
from 11 older data sets, leading to different positional errors
for different sources. However, they are expected to be less
that 0.′′1 in both right ascension and declination. The pho-
tometry provided in both catalogues was calibrated onto the
standard Johnson BV system. The B and V magnitudes,
MNRAS 000, 1–20 (2018)
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and the optical coordinates used in our study are obtained
from Platais et al. (2003) except for the sources that are only
present in Stetson et al. (2004). The range in V magnitude
in the Platais et al. (2003) catalogue is 9.0 < V < 22.0 and
in B magnitude it is 9.0 < B < 23.1.
Despite the fact that Chandra sources have good ab-
solute astrometric accuracy1, there is still a chance that
there is a systematic offset in Chandra source positions com-
pared to our optical positions that have been calibrated to
the International Celestial Reference System (ICRS), i.e. a
boresight, which complicates the search for optical counter-
parts if not corrected for. To calculate the boresight, we
first identified 66 known short-period (P < 5 days) vari-
ables and one FKCom source among the sources in our
optical master catalogue that lie within the Chandra field
of view of NGC188. Many surveys for optical variables in
NGC188 have been performed, and we have compiled a list
of variables from the following references: Kaluzny & Shara
(1987), Kafka & Honeycutt (2003), Zhang et al. (2004), and
Mochejska et al. (2008). Short-period binaries are expected
to be tidally locked, increasing their X-ray activity. FKCom
sources are rapidly rotating single stars believed to be the
outcome of a binary merger, and this rapid rotation leads
to increased X-ray emission. Hence, short-period variables
and FKCom stars are likely X-ray emitters and have lower
chances of being spurious matches to X-ray sources (see also
Section 2.4). We then cross-matched the ICRS-calibrated
optical positions of these variables with our Chandra cata-
logue using a 95% match radius, which is the combination of
the error in the optical positions given in the Platais et al.
catalogue scaled to a 95% confidence radius, and the ran-
dom error on the X-ray positions (Perr). Thus, we found
16 counterparts to the X-ray sources which we then used to
calculate the boresight. Once an initial boresight was cal-
culated, the cross-matching is repeated and the match radii
are augmented with the boresight error. This step was re-
peated until the net boresight converged. The boresight was
found to be 0.′′12±0.′′11 in right ascension and –0.′′14±0.′′13
in declination, which is consistent with zero. These values
were then added to the old X-ray positions. The method for
calculating and correcting for the boresight can be found in
more detail in Section 3.3.1 of van den Berg et al. (2013).
We matched the boresight-corrected X-ray source list
with the optical source list using 95% error radii. Of the 84
unique X-ray sources detected within the field of view, 35
were matched with a single optical counterpart while one
source (CX 76) was matched with two optical counterparts.
A complete list of candidate counterparts for these 36 X-ray
sources can be found in Table 2. Candidate optical counter-
parts are presented in the CMD of Figure 3.
On manual inspection of the V image provided by
Stetson et al. (2004), we find that CX76 appears to have
four more faint optical counterparts, including two that look
extended. Of the 48 X-ray sources without any counter-
parts in the optical catalogue, 12 sources appear to have
optical counterparts that were too faint to be reported by
Platais et al. (2003) or Stetson et al. (2004). However, we
1 The 95% confidence radius on absolute positions from Chandra
ACIS-I is 0.′′9 – 1′′ within a distance of 3′ from the aimpoint; see
http://cxc.harvard.edu/cal/ASPECT/celmon.
do not report these sources in Table 2 as we do not have
photometric information for these faint optical sources.
2.4 False Positives Test and Background Galaxies
To estimate the number of spurious matches between our
X-ray and optical sources, we calculated the stellar den-
sity of optical sources in the cluster field using our op-
tical source catalogue. Inside the core radius rc as mea-
sured by Chumak et al. (2010), the average density is 0.0023
arcsec−2, while in the annulus between rc and the half-mass
radius rh the average density is 0.001 arcsec
−2.
Multiplying the stellar densities with the area covered
by the 95% match radii around the X-ray sources within
these regions we expect 0.24 spurious matches among the
thirteen matches that we find in the central region, and 0.98
spurious matches among the seventeen matches in the outer
region. We perform the same calculations in order to esti-
mate the number of spurious matches between X-ray sources
and photometric variables. The stellar density of variables
inside rc is 0.00012 arcsec
−2, while between rc and rh the
average density is 5.6 × 10−5 arcsec−2. We expect 0.013
spurious matches among the nine matches that we find in
the central region, and 0.040 spurious matches among the
six matches that we find in the outer region. Therefore, all
matches with short-period variables are likely real.
To estimate the number of background galaxies NB
among the sources in our X-ray catalogue, we used the re-
lation for the cumulative number density of high–galactic-
latitude X-ray sources above a given flux limit (Eq. 5 in
Kim et al. 2007). We adopted the logN − log S relation
for the B band (0.3–8 keV), which is closest to our broad
band (0.3–7 keV). To convert counts to fluxes we assumed
a power-law spectrum with Γ = 1.4. As NGC188 lies
far above the plane of the Galaxy, the integrated Galac-
tic column density in the direction of NGC188 is the
same as the Galactic column density towards the cluster
itself (Drimmel et al. 2003); therefore we assume NH =
NH,NGC 188. Closer to the cluster centre, the density of clus-
ter stars is higher and mass segregation makes the radial
distribution of binaries more concentrated (Sarajedini et al.
1999; Kafka & Honeycutt 2003; Geller et al. 2008). So we
calculated NB for r < rc, where most X-ray sources that
are truly associated with NGC188 are expected to be. For
a detection limit of 5 counts, we expect NB ≈ 9.3±3.1
versus 21 sources actually detected. For a detection limit
of 10 counts, it is expected that ∼4.9±2.2 of the eight
sources detected within rc are extragalactic. In the region
rc < r ≤ rh, 21.9±4.7 of the 39 sources detected above
5 counts, or 11.3±3.4 of the 29 sources detected above 10
counts are expected to be extragalactic.
2.5 Comparison with other X-ray observations
NGC188 was previously observed with ROSAT
(Belloni et al. 1998) with a detection limit of ∼ 4 × 1030
erg s−1 (0.1–2.4 keV), and with XMM-Newton (Gondoin
2005) with a limit of ∼ 1 × 1030 erg s−1 (0.5–2.0 keV).
Both observations were less sensitive compared to our
Chandra observation in which the faintest detected cluster
MNRAS 000, 1–20 (2018)
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Figure 2. Quantile diagrams with model grids representing a MeKaL plasma (left) and a power-law spectrum (right). The top panels
show sources without candidate optical counterparts and the bottom panels show sources with candidate optical counterparts (see Table
2). For a certain choice of model, the plasma temperature (kT ) or photon index (Γ), and the column density (NH ) can be estimated
from the location of a source inside the grid. The median energy E50 can be read off from the top x-axis. Blue lines in all the four
quantile diagrams represent different values of NH normalised in units of 10
22 (NH,22), where NH,22 ≈ 0.05 cm
−2 is the cluster value.
Here we show sources with 20 net counts (0.3–7 keV) or more; error bars are shown only for the sources with the highest and lowest
number of counts. In the bottom panels, red squares are members, green triangles have uncertain membership and blue diamonds are
likely non-members. Sources with known periodic photometrically variable counterparts are circled with a larger black open circle.
member has LX ≈ 4×1029 erg s−1 (0.3–7 keV)2. We looked
for X-ray counterparts to our Chandra sources in these
two catalogues. Out of the 34 ROSAT sources, nine are
within the field of view (FOV) of our Chandra observation
and one is partially within the FOV. We find that eight
sources from the Belloni et al. catalogue (sources labelled
with ‘X’) match with nine of our Chandra sources (sources
labelled with ‘CX’) within a 95% match radius (X 19/CX 2,
X20/CX 5 X30/CX3, X29/CX 4, X 21/CX21+CX 22,
X 25/CX 25, X 17/CX 39, X 32/CX 56) and one more source
matches within a ∼3.6-σ match radius (CX1 matches with
2 All luminosities are normalized to our adopted cluster distance
of 1650 pc.
X26 within 6.′′8; see Table 1). The 95% match radius is a
combination of the 95% error radius on the Chandra source
position and the 90% error radius on the ROSAT source
position, scaled to 95%. However, one source (X27) in the
Belloni et al. catalogue, that lies within the field of view of
our Chandra observation, has no counterparts in our X-ray
catalogue. This is unexpected as the detection limit of the
ROSAT observation is an order of magnitude higher than
that of our Chandra observation. It is plausible that X27 is
a variable source in, or projected onto, the cluster. Gondoin
(2005) finds 58 sources in NGC188 of which 31 are within
the Chandra FOV. In the case of the Gondoin catalogue
(sources labelled with ’GX’), errors on source position are
not provided, because of which finding cross-matches is not
straightforward. However, after recent refinements in the
MNRAS 000, 1–20 (2018)
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Figure 3. Colour-magnitude diagram of NGC188. Stars with confirmed membership based on proper-motion (MPPM > 90%) are marked
with a bold grey dot while the remaining are marked with normal grey dots. Filled colour symbols are candidate optical counterparts to
Chandra sources. Among them red squares are cluster members, green triangles have uncertain membership and blue diamonds are likely
non-members (MPPM and/or MPRV is 0%). Furthermore, candidate counterparts that are known binary counterparts are circled with
a larger black open circle. The solid line represents the isochrone (Bressan et al. 2012; Chen et al. 2014; Tang et al. 2014; Chen et al.
2015) for the reddening associated with the cluster (E(B − V ) = 0.083). The dashed line represents the isochrone shifted upwards by
−0.75 magnitudes to indicate the limit for photometric main sequence binaries.
XMM-Newton data reduction algorithms, a catalogue of all
X-ray sources detected in XMM-Newton observations has
been compiled by the XMM-Newton Survey Science Centre.
To find cross-matches between XMM-Newton detections
and Chandra detections, we made use of the sixth data
release of the 3XMM XMM-Newton serendipitous source
catalogue (3XMM-DR6) which contains source detections
from all XMM-Newton EPIC observations made between
February 3, 2000 and June 4, 2015 (Rosen et al. 2016). We
find 91 3XMM sources in our Chandra FOV (compared
to the 31 reported by Gondoin 2005; both source lists for
this field are based on the same observations), of which 41
get matched with 40 of the Chandra sources within a 95%
matching radius (six more 3XMM sources lie within a 3σ
radius of another six of the Chandra sources). Of these 41
matched sources, only nineteen were previously reported by
Gondoin (2005); see Table 3.
3 RESULTS
For classifying our X-ray sources, we use three diagnos-
tics, details of which can be found in Vats & van den Berg
(2017). In short, we first look at the hardness of the X-ray
MNRAS 000, 1–20 (2018)
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CX 13
Figure 4. Photometric decomposition of the optical counterpart
of CX13 into its plausible components. The two light blue trian-
gles represent one pair of plausible binary components and the
two dark blue triangles represent another pair.
spectrum, which can be inferred from the position of the
source in the quantile diagram (Figure 2). For sources with
fewer than 20 counts we infer the hardness from the me-
dian energy, E50, as the quantile diagram no longer provides
reliable information about the underlying spectral shape of
sources with few net X-ray counts. As the integrated Galac-
tic NH is the same as the NH towards the cluster, Galactic
X-ray sources without any intrinsic absorption should not
have an NH larger than the cluster value. Also, coronally
active stars and binaries usually have temperatures of about
3–4 keV or less. In the MeKaL grid in Figure 2, one can see
that a combination of these temperature and NH constraints
gives E50 . 1.5 keV. For CVs and AGNs E50 may be higher
due to their harder intrinsic spectra.
Next, we looked at the ratio of the unabsorbed X-
ray flux to optical flux (FX/FV )u for sources with can-
didate optical counterparts, or the lower limit on this ra-
tio for sources without optical counterparts. We adopted
a 2 keV MeKaL model to calculate X-ray fluxes, assum-
ing NH = NH,NGC 188 to correct for absorption, and us-
ing V0 = V −NH,NGC 188/(1.79× 1021) (Predehl & Schmitt
1995) for the unabsorbed V magnitude. The calculated flux
ratio is overestimated if the adoptedNH is lower than the ac-
tual NH or underestimated if the adopted NH is higher than
the actual NH . This situation may arise as we do not know
the NH for most sources beforehand. The log(FX/FV )u ra-
tio also helps us distinguish between coronal and accretion-
powered sources. Typically, active stars and binaries have
log(FX/FV )u . −1, while accretion-powered sources have
log(FX/FV )u & −1 (Stocke et al. 1991).
Finally, for sources with candidate optical counterparts
we also look at the position of these optical sources in the
CMD. In most cases, this works reasonably well to separate
active stars and binaries from AGNs (which often have blue
optical colours and lie far off the stellar main sequence in
the CMD) and CVs (which typically are blue, too).
3.1 Cluster Members
To classify sources as cluster members or non-members,
we considered the membership probabilities of their can-
didate optical counterparts from both proper-motion stud-
ies (MPPM ; Platais et al. 2003) and radial-velocity studies
(MPRV ; Geller et al. 2008). All optical sources that matched
with our Chandra sources and for which membership infor-
mation is available, fall in two well-separated membership
categories. Thirteen X-ray sources have optical counterparts
with MPPM and/or MPRV larger than 90%; we consider
these as probable cluster members. For sixteen X-ray sources
MPPM and/or MPRV is 0%; these sources are briefly dis-
cussed in Section 3.3. In almost all cases, MPPM and MPRV
are consistent; the only exception is CX 51 (Section 3.3).
Of the thirteen X-ray sources that are likely members,
six had previously been detected by ROSAT or XMM-
Newton or both, and seven are new detections (CX33,
CX40, CX 53, CX65, CX 71, CX78, CX 84). All new de-
tections lie within rh, with four lying within rc. In the fol-
lowing subsections, we first discuss the ABs (Section 3.1.1),
and then the anomalous stars like BSSs (Section 3.1.2) and
an uncertain classification (Section 3.1.3).
3.1.1 Active binaries
For selecting possible ABs in NGC188, we picked sources
with optical counterparts that lie along the cluster main se-
quence or sub-giant branch in the CMD. We allowed for
the possible contribution to the optical light from binary
companions. For a binary with two companions of the same
mass, the maximum decrease in V magnitude is 0.75 and
the resulting binary sequence is indicated by the dotted
isochrone in Figure 3. We also considered their X-ray prop-
erties, and photometric or radial-velocity periods. Seven
Chandra sources were thus selected as likely ABs, of which
the brightest three were detected before (CX 13/GX18,
CX22/X 21, CX 38/GX 20). All have E50 values . 1.5 keV,
logFX/FV . −1.8, and are matched with short-period (. 11
days) photometric or radial-velocity variables. We have clas-
sified these sources as ABs in NGC188, and classify them
as ‘AB’s in column 14 of Table 2.
We add a few notes on individual sources. CX 71
is matched to the WUMa-type contact binary V 04
(Hoffmeister 1964; Mochejska et al. 2008); we confirm its
cluster membership using the period-colour relationship for
WUMa’s (Rucinski 1994). The counterpart to the AB CX13
(V11) lies in a region of the CMD that is ∼ 0.15 mag bluer
than the red giant branch. As noted by several authors, this
location can be explained by a combination of a relatively
unevolved red giant and a less-evolved member. We illus-
trate this in Figure 4, where we photometrically decompose
the optical source in to its plausible binary components,
i.e. we investigate the fluxes of different types of stars that
can be combined to give a total flux equal to the flux of
CX13. We further discuss this source in Section 4.1. The
counterpart to CX22 (V21) was classified by Zhang et al.
(2004) as a WUMa binary based on its light curve; with a
photometric period of Pph ≈ 1.17 days, they note it is the
longest-period WUMa in NGC188. Mochejska et al. (2008),
however, find a period of Pph ≈ 1.38 days (assuming one
maximum/minimum per cycle, instead of two as would be
the case for WUMa’s) and classify it as a BYDra system.
To be a WUMa, its period would have to be ∼ 2.77 days,
which is decisively too large for a WUMa star. We thus
adopt the period by Mochejska et al., also because the light
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curve shown in Zhang et al. (2004) does not show the typical
WUMa-type shape.
3.1.2 Blue stragglers, sub-subgiants and FKCom stars
The two BSSs in NGC188 detected by Chandra are both
new X-ray detections. The BSS counterpart of CX 53
(WOCS5078 or V 34) was first observed as a variable
by Mochejska et al. (2008) with a period of ∼4.5 days.
Geller et al. (2008) found it to be a double-lined spec-
troscopic binary with a period of ∼4.8 days. The orbital
period is short enough for strong tidal coupling and en-
hanced X-ray emission, but interestingly, the orbit is eccen-
tric (e ≈ 0.12) pointing at a recent dynamical encounter
or a third companion (see discussion in Geller et al. 2009).
CX 84 (WOCS5379 or WV3) is a BSS with a white-dwarf
companion (Gosnell et al. 2014). The difference between
the reported radial-velocity (Psp ≈ 120 days; Geller et al.
2009) and photometric (Pph ≈ 0.18 or Pph ≈ 0.36 days;
Kafka & Honeycutt 2003) periods is intriguing. We discuss
CX 84 in more detail in Section 4.2.
CX 26 (GX28) and CX49 (GX45) are classified as
SSGs. This nomenclature arises from their location on the
CMD, wherein they lie below the subgiant branch and to the
red of the main sequence. Several scenarios have been pro-
posed for how SSGs arrive at their current CMD position
(see Geller et al. (2017) and the references within). CX 49
is the variable V 05 discovered by Kaluzny & Shara (1987)
with Pph ≈ 0.59 days. The lightcurve for V 05 does not ap-
pear to have equal maxima and minima, suggesting it may
not be a WUMa binary as suggested in Mochejska et al.
(2008), but a semi-detached binary.
CX 4 (X29) is a red giant and the brightest cluster mem-
ber detected in X-rays; it was classified as an FKCom vari-
able by Harris & McClure (1985) and a single cluster mem-
ber by Geller et al. (2009).
3.1.3 CX33: uncertain classification
The optical counterpart to the new source CX 33 lies on the
cluster main sequence, has a median energy value of E50 ≈
1.5 keV, and an X-ray–to–optical flux ratio log(FX/FV )u=
−2.14. These properties seem to suggest an AB nature. How-
ever, according to Geller et al. (2008), the optical counter-
part to this source (WOCS5639) is a single cluster mem-
ber. They note that stars classified as single may be bi-
naries that cannot be detected as such because they have
low-amplitude radial-velocity variations and/or long orbital
periods. A long-period binary with main-sequence compo-
nents, however, is not expected to be an X-ray source as
there is little interaction between the two stars in such a
system. Hence, we place CX 33 under the category of ‘un-
certain classification’.
3.2 Uncertain Membership
Sources that do not have a membership probability based on
either proper motion or radial velocity, are classified as un-
certain members of the cluster. We found seven such sources
of which two were detected previously by XMM-Newton
(CX24/GX 57; CX 28/GX31) and five are newly detected
sources (CX 14; CX 29; CX 45; CX48; CX 76).
Six of the seven uncertain members are proposed as
CV or AGN candidates as they lie to the blue of the
cluster main sequence and have log(FX/FV )u> −0.46. Of
these six, CX 24 has the highest possibility of being a
CV, as it is also matched with the short-period variable
WV2 (Kafka & Honeycutt 2003) with a photometric period
of 0.15049 days. For these sources, either confirmation of
cluster membership (or non-membership) or optical spec-
troscopy can help establish their nature.
For the one remaining source, classification is uncertain.
CX48 is found at the lower end of the cluster main sequence
and has a high value of the median energy, E50 = 4.3 ± 0.7
keV. Also, its X-ray–to–optical flux ratio, log(FX/FV )u≈
−0.7, lies in the range for accreting binaries, or active M-
stars. If CX48 is at the distance of NGC188, its X-ray lumi-
nosity is 1.4×1030 erg s−1. This source could be an AB that
underwent a flare during the Chandra observation. AcisEx-
tract did not detect X-ray variability from CX48, but with
only 10 counts the sensitivity for detecting variability is low.
3.3 Cluster non-members
Sixteen sources with candidate counterparts that have
MPPM = 0% or MPRV = 0% are considered to be non-
members. These sources are most likely a mix of foreground
stars (those with bright counterparts and soft X-ray spec-
tra) and AGNs (with blue/faint counterparts, e.g. the X-ray
variable CX 11). In case of CX 51, where MPPM is 98% but
MPRV is 0%, we consider the radial-velocity information
to be more constraining and hence, classify the source as a
non-member. No proper motion or radial velocity has been
reported for the counterpart to CX 3, but at V = 9.5 this
star is too bright to be a cluster member.
3.4 Sources without candidate optical
counterparts
For 48 sources we do not find any candidate optical coun-
terparts in the Platais et al. or the Stetson et al. cata-
logues. The detection limit (V ≈ 22) of the Platais et al.
catalogue allows us to place approximate lower limits
on their X-ray–to–optical flux ratios. These limits range
from log(FX/FV )u,lim≈ −0.15 for the faintest (CX83) to
log(FX/FV )u,lim≈ 1.2 for the brightest (CX 5) unmatched
source. The average E50 for the unmatched sources is
2.2±0.6 keV (versus 1.6±0.8 keV for sources that do have
candidate counterparts). These properties are consistent
with an AGN nature, an explanation that also looks plau-
sible when considering the number of unmatched sources.
Among the 60 sources inside rh with ≥5 net counts, 30 do
not have any candidate optical counterparts. Given that we
expect 31.2±5.6 AGNs in this area with ≥5 counts (see Sec-
tion 2.4), and that we have identitifed <10 candidate AGNs
among the sources with candidate counterparts inside rh, it
is likely that the majority of the sources without an optical
match are AGNs.
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Figure 5. X-ray luminosity (LX) versus rotation period (Prot)
plot, where either Pph or Psp is taken as a measure of Prot. In the
top panel, Prot is based on radial velocities (Psp) if available, and
otherwise on variability studies. In the bottom panel, the periods
are from variability studies (Pph) if available, and otherwise from
radial velocities. Blue stragglers are marked with blue circles, sub-
subgiants with red circles. The dashed line shows the relation
LX ∝ P
−2
rot with an arbitrary vertical offset; note this is not a fit
to the data. LX is based on fluxes computed for an assumed 2 keV
MeKaL spectrum and the cluster NH ; errors on LX stem mostly
from the unknown underlying spectrum, and are of the order of
up to 20–30%. Error bars of 30% in LX are plotted, while the
formal errors on the periods are negligible.
4 DISCUSSION
We conducted an X-ray study of the old open cluster
NGC188 using Chandra. Our study is several times more
sensitive than observations of the cluster done with ROSAT
(Belloni et al. 1998) and XMM-Newton (Gondoin 2005). Un-
like in these previous studies, the Chandra pointing was cen-
tred on the cluster centre, providing a more symmetric cov-
erage of the cluster. Also, the positional accuracy of Chandra
helps us in identifying candidate optical counterparts to the
X-ray sources. Of the 84 X-ray sources detected by Chan-
dra, 35 unique X-ray sources have a single candidate optical
counterpart, while one X-ray source (CX 76) has at least two
candidate optical counterparts. Of the remaining 48 X-ray
sources, 12 appear to have candidate optical counterparts in
the V -band image by Stetson et al. (2004), however, these
faint sources are neither included in the Stetson et al. (2004)
nor in the Platais et al. (2003) catalogue.
As shown by Mathieu et al. (2004), late-type main-
sequence binaries in NGC188 show a transition around
Psp = 15.0 days from circular orbits (below this period)
to eccentric orbits (for longer periods). This demonstrates
that at 7 Gyr (i.e. the age of NGC188) tidal interaction has
had sufficient time to circularise orbits up to this cutoff pe-
riod. Since tidal synchronisation of the stars’ rotation occurs
before circularisation (e.g. Zahn 1989), we expect late-type
binaries with orbital periods at least up to 15 days to have
achieved tidal coupling (Prot = Psp) and have enhanced lev-
els of X-ray emission compared to single stars of similar age
and mass. Indeed, all the ABs discussed in Section 3.1.1 have
periods shorter than 15 days, except CX13 for which the
radial-velocity period is longer (discussed below).
The X-ray activity of a late-type main-sequence star is
related to its rotation period (Pizzolato et al. 2003). Gen-
erally, the X-ray luminosity increases with decreasing ro-
tation period and follows the relation LX ∝ P−2rot . How-
ever, for short periods a star reaches a “saturated” regime,
where LX no longer depends on Prot, but instead flattens
to LX/Lbol ∼ 10−3 with Lbol being the bolometric luminos-
ity of the star (Randich 1998; Gu¨del 2004). Stars with the
shortest periods appear to emit X-rays at a level even lower
than predicted by this saturated luminosity relation. Such
stars are said to be “super-saturated” (Prosser et al. 1996)
and this behaviour has been ascribed to either a change in
the dynamo action of the star or the reduction in the area of
the active regions (see Sect. 5.4 in Gu¨del 2004). In Figure 5,
we plotted LX versus a measure of Prot for cluster members
that were matched with a Chandra source to see if we ob-
serve this behaviour in NGC188. The periods used for the
sources on the top panel were taken from the radial-velocity
orbital solutions from Geller et al. (2009) if available (CX13,
CX26, CX 53, CX84), and otherwise from variability sur-
veys (Mochejska et al. 2008; Zhang et al. 2004). We can see
that the overall behaviour of LX as function of period is in
line with the trend described above, albeit with significant
scatter. Moving from ∼7 days to shorter periods, LX reaches
higher values until ∼1.3 days; this is similar to what we see
for the ABs in M67 (van den Berg et al. 2004). For shorter
periods, LX starts diminishing again–this may correspond
to the super-saturation regime. Three sources are outliers:
CX13, CX 26 and CX84. For CX 13 and CX84 the period
from radial velocities is different from the reported photo-
metric period. If we plot the latter instead (bottom panel),
these two sources are more in line with the trend described.
CX13 and CX84 are described in more detail in Sections 4.1
and 4.2. The SSG CX26 is more X-ray luminous for its pe-
riod compared to the overall trend; the spectroscopic period
is the only measure for the rotation period available.
There are nine cluster members within the Chandra
FOV with orbital periods from Geller et al. (2009) below
∼ 15 days, that were not detected in X-rays. Six of these
sources could simply have X-ray luminosities below our de-
tection limit as their periods are relatively long (8 days
< Psp < 15 days). In addition, WOCS 5762 (Psp = 6.5
days) and WOCS5147 (Psp = 6.7 days) are found further
away from the aimpoint where the X-ray detection limit
is higher. However, we cannot explain the non-detection of
WOCS5052. This spectroscopic binary lies closer to the aim-
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point; it has a 3.85 day spectroscopic period and a near-
circular orbit (e = 0.05± 0.03; Geller et al. 2009).
4.1 CX13
The optical counterpart to CX 13 (WOCS4705) is an ec-
centric (e = 0.487 ± 0.005), double-lined spectroscopic bi-
nary with an orbital period of Psp ≈ 35.2 days Geller et al.
(2009). Its orbital parameters set this X-ray source apart
from typical ABs, which have shorter orbital periods and
circular orbits. Indeed, the location of this binary in the di-
agnostic diagrams of Verbunt & Phinney (1995, Figures 5a
and 5b) indicate the orbit is too wide for the primary to have
circularised the orbit within the age of the cluster. However,
since the time scale for tidal synchronisation is shorter than
for circularisation, the rotation of one or both stars in this
binary can already be faster compared to single (sub-)giants
or turnoff stars in NGC188, which would explain the X-ray
emission. The pseudo-synchronisation period, defined in Hut
(1981) to be the spin period of the star if it corotates with
the average orbital speed around periastron, is 13.1 days in
this binary. This is a bit longer than the corotation period at
periastron passage (10.6 days). CX13 may be an RSCVn-
like system like the binary and X-ray source S 1242 in M67,
which is an eccentric (e = 0.66) Psp = 31.8 day period bi-
nary on the subgiant branch.
WOCS 4705 is the optical variable V 11. The observed
0.4 mag drop in brightness led Kaluzny (1990) to postulate
that V 11 is a possible eclipsing RSCVn binary. Interest-
ingly, Geller et al. (2009), based on their orbital ephemeris,
found that this dip in brightness occurred at the orbital
phase where an eclipse would indeed be expected to oc-
cur. Subsequent variability studies (Mazur & Kaluzny 1990;
Zhang et al. 2004) only observed small-amplitude variations
(0.03–0.08 mag). Zhang et al. (2004) reported a possible
photometric period of 1.2 days. We note that folding the
published photometry for V11 on this period does not pro-
duce a smooth light curve; on the other hand, this period
does give a better match to the LX versus Prot trend in Fig-
ure 5. If real, the origin of this period is unexplained. CX 13
lies within the core radius of the cluster, where the number
of spurious matches between X-ray sources and photomet-
ric variables is expected to be ∼ 0.013, making the chance
alignment of CX 13 with a variable very unlikely.
4.2 CX84
CX84 is a source located 3.′7 from the cluster centre that is
identified with the BSS WOCS5379. From radial velocities
Geller et al. (2009) derived an eccentric (e = 0.24 ± 0.03)
orbit with a period of Psp = 120.21 days. It is one of the
seven BSSs in NGC188 for which FUV observations with
the Hubble Space Telescope uncovered an excess flux com-
pared to what is expected from the BSS alone, showing that
the companion in these systems (all spectroscopic binaries)
is a white dwarf (Gosnell et al. 2014, 2015). From the tem-
perature of the white dwarf in WOCS 5379 (T ≈ 17, 600
K) it was derived that it formed only ∼ 77 ± 7 Myr ago.
Gosnell et al. (2014) sketched a possible evolutionary sce-
nario, in which the original secondary became a BSS after
mass accretion from the white-dwarf progenitor. However,
there are two aspects left unexplained by this evolutionary
path. It fails to explain the highly eccentric orbit, as mass
transfer via Roche-lobe overflow should circularise the orbit
of the binary quite rapidly (although under certain circum-
stances this is not necessarily the case, see Sepinsky et al.
(2007, 2009)). Also, the nature of the binary components
does not account for the X-rays: the white dwarf is not hot
enough for thermal X-ray emission, and it is not obvious
why the BSS would be an X-ray source. Another cluster BSS
within the Chandra FOV, WOCS4540, with an age (70± 7
Myr; Gosnell et al. 2014) similar to WOCS5379, was not
detected as an X-ray source.
The key to solving this puzzle may lie in the
optical variability that was detected for WOCS 5379.
Kafka & Honeycutt (2003) found this source to be a pho-
tometric variable (WV3) with a V amplitude of 0.22 mag
and a period of Pph = 0.18148 days (if the light curve has one
maximum/minimum per period), or instead Pph = 0.36296
days if there are two maxima/minima per period. What
is the origin of this variability? According to Geller et al.
(2009), WOCS5379 lies outside the instability strip, ruling
out pulsations as a likely explanation. Alternatively, the vari-
ability may be the signature of a short-period binary“hiding”
in the system. The distribution of the data points around
photometric minimum when folded on the shorter period
(Kafka & Honeycutt 2003) looks bimodal, which may be a
sign that the actual period is ∼0.36 days and that the two
minima are uneven. The presence of a short-period binary
in the system would provide possible explanations for the
X-rays (coronal activity, low-level mass transfer). On the
other hand, it remains unclear what the exact configuration
of such a hierarchical multiple system would be and whether
any of the observed system components (the BSS and the
white dwarf) are part of the short-period binary. Geller et al.
(2009) report that they were unable to derive a kinematic
orbital solution for a period of 0.18148 days, and also do not
find a sign of rapid rotation in the spectrum of WOCS 5379.
This implies that the BSS, which dominates the optical spec-
trum, is not part of the short-period binary. The white dwarf
could have a close companion, perhaps similar to the pre-
cataclysmic variables. But if mass transfer from the white-
dwarf progenitor to the BSS progenitor in the wide orbit
ended only ∼ 77 Myr ago (as inferred from the cooling age of
the white dwarf), then this close companion entered the sys-
tem only recently (in an encounter that perhaps also induced
the eccentricity), complicating this speculative formation
scenario even more. An extensive exploration of conceivable
evolutionary scenarios is beyond the scope of this paper. In
light of our findings, which suggest that CX 84/WOCS 5379
is not a binary but a triple or higher-order multiple, we
conclude that its actual formation may be more compli-
cated than the scenario of mass transfer between two bi-
nary components as sketched by Gosnell et al. (2014). In
star clusters with a binary frequency exceeding 10% (such as
in NGC188 where the frequency of main-sequence binaries
with periods up to 104 days is 29%±3%; Geller & Mathieu
2012), binary–binary encounters typically dominate over
binary–single-star encounters (Sigurdsson & Phinney 1993;
Leigh & Sills 2011), producing, among others, hierarchical
triples. Leigh & Geller (2013) have demonstrated the sig-
nificance of dynamical encounters involving triple systems,
especially in open clusters. In fact, as has been argued
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by Leigh & Sills (2011), a considerable fraction of the blue
stragglers in NGC188 could have a dynamical origin. Such
dynamical encounters can become quite complex: in low-
mass star clusters such as old open clusters or low-mass
globular clusters, the encounter durations are comparable
to the time scale for another encounter to happen. As a
result, the probability of an ongoing encounter being inter-
rupted by a subsequent encounter can be up to a few tens
of percent (Geller & Leigh 2015). The same is found when
binaries of hydrogen-rich, non-degenerate stars undergoing
stable mass transfer are considered: in low-mass clusters,
the encounter time scale is comparable to the duration of
the mass-transfer phase, resulting in a significant probabil-
ity that a mass-transfer binary could be disrupted or af-
fected by other nearby stars (Leigh, Geller & Toonen 2016).
The outcomes of such events, or sequence of events, are dif-
ficult to predict for individual cases, but the point is that
the possibility of dynamical interactions playing a role in the
formation of CX 84/WOCS 5379 should not be neglected.
We conclude that WOCS5379 is an interesting tar-
get for follow-up studies to improve the current light-curve
and period measurements. Also, high–signal-to-noise high-
resolution spectra would enable a search for activity or ac-
cretion signatures. By subtracting a high-quality template
spectrum for the BSS, one could look for any additional
components contributing to the optical spectrum. A similar
technique was used to uncover a close binary in the spec-
trum of the BSS S 1082 in M67 (van den Berg et al. 2001),
for which a long orbital period was found from radial ve-
locities (∼ 1189 days; Sandquist et al. 2003) while at the
same time eclipses on a 1-day period had been reported
(Goranskij et al. 1992).
4.3 Comparison With Other Old Star Clusters
We compare the number of X-ray sources that we find in
NGC188 to those found in other old open clusters. To com-
pare these results uniformly, we select sources brighter than
LX ≈ 1 × 1030 erg s−1 (0.3–7 keV) that are found inside
rh. For NGC188, using a 2 keV MeKaL model to estimate
the X-ray fluxes, we observe 55 such sources. Of these 55 X-
ray sources, 9 are confirmed cluster members, and another
3 have uncertain membership classification (the remaining
ones are likely AGNs). Among these, four are ABs (CX 13,
CX 22, CX 38, CX40), two are CV/AGN candidates (CX 14,
CX 28), two are SSGs (CX26, CX 49), one is a BSS (CX53),
one an FKCom (CX4), and two sources have uncertain clas-
sification (CX 33, CX 48). We present these numbers in Ta-
ble 4, and compare them with four other old open clusters.
We find that the addition of NGC188 to the sample con-
firms the trend that the number of X-ray sources appears
to scale with mass in open clusters when the three clus-
ters with the highest-quality membership information (M67,
NGC188 and NGC6791) are considered. This is expected for
a population that is (mostly) of primordial origin. The num-
ber of ABs does not show an obvious scaling with mass; the
small source samples inhibit making any firm conclusions.
It has been pointed out that globular clusters and other
old stellar populations appear to be deficient in X-ray lu-
minosity per unit mass, when compared to old open clus-
ters (e.g. Verbunt 2000, van den Berg et al. 2013, Ge et al.
2015). X-ray emissivities of various old populations have
been reported in the recent literature. Due to the variety
of methods and energy bands adopted, it is not straightfor-
ward to compare the resulting values directly. The X-ray
emissivities in Ge et al. (2015) were computed in a con-
sistent manner. To enable a comparison of our result for
NGC188 with their set of X-ray emissivities of dwarf ellip-
ticals and globular clusters, we have converted the X-ray
emissivity of NGC188 to the 0.5–2 keV and 2–8 keV bands
for the assumption of a 2 keV MeKaL model. We find that
LX/M ≈ 15.9× 1027 erg s−1 M−1⊙ (0.5–2 keV), which is in-
deed higher than the X-ray emissivities in Table 2 from Ge et
al. However in the 2–8 keV band, the extrapolated NGC188
emissivity is LX/M ≈ 8.7 × 1027 erg s−1 M−1⊙ , which is in-
cluded in the range of X-ray emissivities in Ge et al. (2015).
We caution that our adopted spectral model to compute X-
ray fluxes is different than the one in their paper, which is
a thermal model with a log-normal temperature distribu-
tion around a (fitted) peak temperature value. A uniform
reanalysis of the X-ray data of old populations lies outside
the scope of this paper, but we refer the reader to the forth-
coming paper by Heinke et al. that makes an in-depth com-
parison of X-ray emissivities of globular clusters and those
of other old stellar populations, including old open clusters.
We illustrate the elevated X-ray emission of old open
clusters with concrete numbers. NGC188 has a mass of
2600 ± 460 M⊙ (Geller et al. 2008) and has two members
(the FKCom star CX 4, and the subgiant AB CX13) with
LX & 5× 1030 erg s−1 (0.3–7 keV) within rh. In M 67, with
a mass of 2100+610−550 (Geller et al. 2015) there are three mem-
bers above this luminosity limit: a SSG, a BSS and an AB.
Finally, in NGC6791 (5000–7000 M⊙; Platais et al. 2011),
seven to eight members are detected above this luminosity
limit; they are a mix of CVs, SSGs, ABs and an apparently
single red giant. In contrast, the two sparse globular clus-
ters Terzan 3 and NGC6535 with masses ∼12 000 M⊙ were
also observed down to ∼ 5× 1030 erg s−1 (0.3–7 keV) with
Chandra, and zero sources were detected inside rh (A.Kong,
private communication). Several factors can contribute to
the enhanced X-ray emissivity of old open clusters, includ-
ing the faster rate at which stars are lost from open clusters
compared to globular clusters as a result of their shorter
relaxation times (reducing their mass more severely), the
higher rate of dynamical destruction in globular clusters of
certain types of binaries that contribute to the X-ray source
populations of open clusters, differences in age, and differ-
ences in metallicity (see also the discussion in Section 5.2 of
Vats & van den Berg 2017). Further studies of more clusters
with a range of properties are needed to gain more insight.
5 SUMMARY
We present the results of a new X-ray study of the 7-Gyr old
open cluster NGC188. Chandra detected 84 sources above
LX ≈ 4 × 1029 erg s−1 (0.3–7 keV), of which 73 lie within
the half-mass radius. Of the thirteen cluster members that
were detected by Chandra, seven are new X-ray detections.
The X-ray source population of this cluster is a mix of ABs,
SSGs, BSSs, and a single FKCom star. While some of these
X-ray source types are frequently seen in other old open
clusters, we also found a few surprises. CX 33 is an appar-
ently single cluster star on the main sequence, and we do
MNRAS 000, 1–20 (2018)
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not understand its X-ray emission. CX 13 (V11) is an AB
that may be on its way to being circularised. The orbital
parameters of the BSS and white-dwarf binary WOCS5379
already were puzzling given the combination of an eccen-
tric orbit in a post–mass-transfer system, but the detection
of X-rays (CX84) makes this system even more intriguing.
It raises the question whether the short-period variability
that has been reported for this star is coming from a close
binary inside the system, which would also explain the X-
ray emission. Considering the overall X-ray population in
NGC188, we confirm our findings that the X-ray emissivity
of old open clusters is elevated compared to other old stellar
populations.
ACKNOWLEDGMENTS
The authors would like to thank A. Kong for sharing the
Chandra results for Terzan 3 and NGC6535 prior to publi-
cation. S.V. would like to acknowledge support from NOVA
(Nederlandse Onderzoekschool Voor Astronomie). This re-
search has made use of data obtained from the 3XMM
XMM-Newton serendipitous source catalogue compiled by
the 10 institutes of the XMM-Newton Survey Science Cen-
tre selected by ESA. This work is supported by Chandra
grant GO3-14098X.
Facilities: CXO
MNRAS 000, 1–20 (2018)
X
-ra
y
cen
su
s
o
f
th
e
in
tera
ctin
g
bin
a
ries
in
N
G
C
1
8
8
1
3
Table 1. Catalogue of Chandra sources in NGC188
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
CX CXOUJ α (J2000.0) δ (J2000.0) Error θ Ct,net Cs,net FX,u E50 Optical X GX
Match
(o) (o) (′′) (′) (10−15 erg cm−2 s−1) (keV)
1 005124.1+851803 12.850489 85.300911 0.52 6.05 256±16 200±14 123 1.29±0.04 + 26a 1
2 005027.5+852211 12.614557 85.369736 0.78 8.08 189±13.5 131±12 109 1.50±0.04 + 19 3
3 004244.2+851414 10.684148 85.237289 0.63 5.47 74±8.7 72±9 39.1 0.94±0.07 + 30 2
4 004757.0+851456 11.987457 85.248873 0.35 1.16 63±8.0 56±8 27.9 1.17±0.07 + 29 -
5 004745.1+852211 11.937813 85.369615 0.97 6.97 54±7 29±5 32.3 1.8±0.2 – 20 13
6 004127.6+851636 10.364926 85.276781 1.06 7.06 46±6.9 26±5 31.5 1.8±0.2 + - 4
7 004301.9+851309 10.757843 85.219053 0.75 5.44 41±6.5 21±5 21.2 1.9±0.4 + - 14
8 004448.3+850845 11.201416 85.145926 1.13 7.09 40±6 21±5 24.5 2.0±0.2 – - 40
9 005330.0+852412 13.375125 85.403279 3.79 11.90 38±6.6 25±5 46.3 1.4±0.2 – - 23
10 005112.8+851813 12.803453 85.303481 0.90 5.92 35±6 25±5 16.9 1.41±0.19 – - 1
11 004458.7+851919 11.244769 85.321953 0.70 4.80 33±6 20±5 15.5 1.7±0.2 + - 29
12 004611.4+851444 11.547483 85.245451 0.38 1.20 31±6 24±5 13.7 1.47±0.13 + - 16
13 004522.6+851238 11.344142 85.210584 0.53 3.36 30±6 23±5 16.9 1.30±0.13 + - 18
14 005212.2+851058 13.050737 85.182854 1.57 7.73 30±6 16±4 14.7 1.9±0.4 + - -
15 004508.8+850859 11.286548 85.149710 1.21 6.72 29±6 22±5 14.7 1.50±0.14 + - -
16 005247.9+850843 13.199496 85.145399 2.82 9.73 27±6 8±3 21.1 2.6±0.2 – - -
17 004607.5+851349 11.531248 85.230399 0.42 1.85 27±5 21±5 11.8 1.08±0.06 + - -
18 004223.8+851515 10.599279 85.254186 1.05 5.78 23±5 13±4 13.2 1.8±0.6 – - -
19 004056.4+851822 10.235198 85.306026 2.04 8.16 23±5 13±4 19.6 2.0±0.3 – - 46
20 004647.0+851437 11.695984 85.243501 0.38 0.73 23±5 19±4 10.0 1.31±0.14 – - -
21 004956.3+852113 12.484570 85.353716 1.49 6.93 22±5 11±3 12.9 2.1±0.4 – 21 17
22 005002.4+852123 12.510198 85.356311 1.58 7.13 22±5 19±5 11.8 1.12±0.09 + 21 17
23 004747.4+851105 11.947578 85.184604 0.72 4.28 22±5 10±3 10.9 2.5±0.6 – - -
24 005229.8+852315 13.123994 85.387501 3.96 10.40 22±5 10±4 14.7 2.4±0.4 + - 57
25 004256.6+851821 10.735748 85.305800 1.15 5.94 21±5 10±3 10.7 2.2±0.5 – 25 36
26 004240.0+851649 10.666620 85.280363 1.14 5.65 19±4 16±4 11.2 1.23±0.18 + - 28
27 004131.7+851814 10.381958 85.303937 1.99 7.45 18±5 8±3 10.8 2.4±0.5 – - 42
28 004415.7+851811 11.065291 85.302996 0.86 4.52 17±4 15±4 79.9 1.13±0.13 + - 31
29 005151.5+852319 12.964422 85.388607 4.44 9.97 16±5 9±3 10.1 1.8±0.3 + - -
30 004058.6+851859 10.244231 85.316497 2.95 8.37 15±4 9±3 10.8 1.96±0.18 – - 54
31 005107.4+851735 12.781013 85.293161 1.26 5.54 15±4 7±3 7.26 2.0±0.6 – - -
32 004525.7+852145 11.357141 85.362564 1.91 6.79 14±4 7±3 8.60 2.0±0.9 – - -
33 005201.6+851739 13.006512 85.294043 1.80 6.59 14±4 9±3 7.03 1.5±0.3 + - -
34 004540.2+851616 11.417386 85.270972 0.49 1.99 14±4 8±3 6.86 2.0±0.5 – - -
35 005257.2+851160 13.238268 85.199931 2.96 8.05 13±4 9±3 7.21 1.7±0.3 – - -
36 004334.4+851429 10.893236 85.241471 0.95 4.40 13±4 7±3 6.26 1.9±0.5 – - -
37 004752.3+852016 11.968118 85.337910 1.19 5.11 13±4 5±2 6.97 2.2±0.4 – - -
38 004429.9+852056 11.124682 85.348783 1.89 6.48 12±4 12±4 6.26 1.19±0.11 + - 20
39 004530.0+852329 11.374944 85.391295 3.56 8.44 12±4 5±3 8.83 3±1 – 17 -
40 005044.9+851139 12.687138 85.194069 1.63 5.86 11±4 9±3 7.38 0.9±0.5 + - -
M
N
R
A
S
0
0
0
,
1
–
2
0
(2
0
1
8
)
1
4
S
.
V
a
ts
et
a
l.
Table 1 – continued Catalogue of Chandra sources in NGC188
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
CX CXOUJ α (J2000.0) δ (J2000.0) Error θ Ct,net Cs,net FX,u E50 Optical X GX
Match
(o) (o) (′′) (′) (10−15 erg cm−2 s−1) (keV)
41 004551.2+850922 11.463303 85.156187 1.75 6.08 11±4 4±2 5.58 2.9±0.6 – - -
42 004507.5+851525 11.281261 85.256819 0.58 2.40 11±3 9±3 4.95 1.5±0.3 – - 25
43 005327.1+851516 13.362833 85.254349 3.41 7.94 11±4 7±3 6.36 1.7±0.2 – - -
44 005032.7+850824 12.636064 85.139905 3.70 8.14 11±4 3±2 5.79 2.8±0.7 – - -
45 004224.5+850807 10.602004 85.135169 5.46 9.23 10±4 5±3 6.43 1.9±0.7 + - -
46 005352.6+851527 13.469009 85.257432 4.28 8.46 10±4 3±2 6.45 2.5±0.6 – - -
47 004400.1+851534 11.000257 85.259436 0.90 3.80 10±3 2±2 5.52 2.5±0.3 – - -
48 004736.2+851105 11.900707 85.184716 1.04 4.23 10±3 2±2 4.38 4.3±0.7 + - -
49 004822.6+851555 12.094082 85.265166 0.54 1.76 9±3 9±3 4.34 1.06±0.14 + - 45
50 004508.0+851313 11.283363 85.220383 0.77 3.14 9±3 4±2 5.01 2.3±0.5 – - -
51 005245.1+851214 13.187981 85.203906 3.86 7.72 9±3 8±3 4.73 0.99±0.07 + - -
52 005214.5+851628 13.060271 85.274553 2.65 6.54 8±3 6±3 4.01 1.5±0.6 – - -
53 004711.7+851332 11.798637 85.225445 0.56 1.74 8±3 8±3 3.42 1.0±0.2 + - -
54 004511.5+851312 11.297759 85.219941 0.81 3.11 8±3 2±2 4.03 2.3±0.9 – - -
55 004536.0+851422 11.399931 85.239559 0.60 2.02 8±3 4±2 3.50 2±1 – - -
56† 004133.8+851231 10.390686 85.208479 3.65 7.38 8±3 6±3 5.41 1.2±0.8 + 32 47
57 004340.9+851402 10.920561 85.233950 1.24 4.37 8±3 6±3 3.80 1.3±0.6 – - -
58 005024.3+851407 12.601358 85.235264 1.23 4.32 8±3 3±2 4.20 3.0±0.7 – - 49
59 005202.4+851429 13.009953 85.241512 2.62 6.24 7±3 5±2 3.48 1.4±0.8 – - -
60 004612.2+851402 11.550944 85.233869 0.57 1.62 7±3 7±3 3.08 1.11±0.16 + - -
61 005044.4+851739 12.684838 85.294036 1.85 5.14 7±3 2±2 3.31 2.3±0.5 – - -
62 004506.6+851029 11.277525 85.174860 2.05 5.35 6±3 3±2 3.05 3.2±1.0 – - -
63 005200.6+851443 13.002680 85.245233 2.81 6.18 6±3 3±2 3.11 2.1±0.9 – - -
64 004714.2+851408 11.809200 85.235518 0.56 1.15 6±3 3±2 2.60 2.6±2.0 – - -
65 004704.3+851502 11.767804 85.250416 0.51 0.24 6±3 6±3 2.64 1.14±0.13 + - -
66† 004240.6+851934 10.669318 85.326108 3.90 6.90 6±3 2±2 3.31 3.5±0.8 – - -
67 004654.0+851437 11.724808 85.243536 0.53 0.68 6±3 5±2 2.62 1.4±0.4 + - -
68 004550.0+851257 11.458336 85.215886 0.84 2.76 6±3 4±2 2.64 2±1 – - -
69† 005028.8+852004 12.620079 85.334540 3.47 6.40 6±2 2±2 3.16 2.9±0.9 – - -
70† 005011.2+851552 12.546482 85.264322 1.42 3.93 5±2 0. 4.46 3.7±0.7 – - -
71† 005049.3+851611 12.705503 85.269756 2.02 4.76 5±2 5±2 2.37 1.19±0.19 + - -
72† 004353.5+851660 10.972969 85.283284 1.67 4.28 5±2 3±2 2.52 2.0±0.6 – - -
73 004920.7+852017 12.336173 85.337920 3.07 5.75 5±2 2±2 2.23 3.6±2.0 – - -
74 005138.7+851315 12.911108 85.220731 3.48 6.06 5±2 3±2 2.80 1.8±0.5 – - -
75 004955.8+851910 12.482488 85.319465 2.53 5.27 5±2 5±2 2.34 1.3±0.3 + - -
76† 005424.4+850928 13.601545 85.157819 19.80 10.90 5±3 6±3 3.24 1.6±0.3 + - -
77† 005348.8+851046 13.453139 85.179525 13.30 9.57 5±3 7±3 2.77 0.86±0.12 + - -
78 004413.9+851633 11.057838 85.275946 1.54 3.73 4±2 4±2 1.83 1.11±0.05 + - -
79† 004454.0+851841 11.225075 85.311377 2.02 4.33 4±2 2±2 1.74 1.5±0.7 – - -
80† 004533.1+851343 11.387968 85.228607 1.11 2.43 3±2 1±1 1.35 5±1 + - -
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Table 1 – continued Catalogue of Chandra sources in NGC188
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
CX CXOUJ α (J2000.0) δ (J2000.0) Error θ Ct,net Cs,net FX,u E50 Optical X GX
Match
(o) (o) (′′) (′) (10−15 erg cm−2 s−1) (keV)
81 004756.3+851610 11.984630 85.269310 0.84 1.42 3±2 1±1 1.64 3±1 – - -
82† 004843.3+851203 12.180331 85.200703 2.00 3.83 3±2 0. 1.33 6±1 – - -
83† 004916.2+851346 12.317489 85.229490 1.49 3.13 3±2 3±2 1.30 1.3±0.3 – - -
84 005011.2+851439 12.546689 85.244166 2.09 3.94 3±2 3±2 1.29 1.17±0.13 + - -
Col. (1): X-ray catalogue sequence number, sorted by net X-ray counts (0.3–7 keV). Sources that were detected by wavdetect using a sigthresh of 10−6
but not with a sigthresh of 10−7 have been flagged with †
Col. (2): IAU designated source name
Cols. (3) and (4): Right ascension and declination (in decimal degrees) for epoch J2000.0
Col. (5): 95% confidence radius on wavdetect X-ray source position in arcseconds
Col. (6): Angular offset from the cluster centre (α2000 = 0h47m12.5s, δ2000 = +85◦14′ 49′′; Chumak et al. 2010) in arcminutes
Col. (7): Net counts extracted in the broad energy band (0.3–7 keV) with 1-σ errors
Col. (8): Net counts extracted in the soft energy band (0.3–2 keV) with 1-σ errors
Col. (9): Unabsorbed X-ray flux in the 0.3–7 keV energy band for a 2 keV MeKaL model and neutral hydrogen column of 5×1020 cm−2
Col. (10): Median energy E50 in keV and 1-σ errors on them.
Col. (11) : Information about presence (+) or absence (–) of optical counterpart (details in Table 2)
Col. (12) : ID of ROSAT counterpart (Belloni et al. 1998); a – outside the 95% error circle but within 4-σ match radius
Col. (13) : ID of XMM-Newton counterpart (Gondoin 2005)
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Table 2. Primary Chandra catalogue: Optical Counterpart Properties
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
CX OID Dox V B − V Var PPh PSp MPPM MPRV RV Variable LX,u log(FX/FV )u Class
Type
(′′) (days) (days) (1030 erg s−1)
Members
4 5027 0.0521 11.939 1.202 . . . . . . . . . 96 98 SM 9.08 –3.44 FKCom
13 4705 0.2194 13.964 0.962 V11 1.2433z 35.1780 98 98 BM 5.51 –2.85 AB
22 5258 0.3436 15.569 0.753 V21 1.3836 . . . 92 . . . U 3.84 –2.36 AB
26 4289 0.5519 15.326 0.984 . . . . . . 11.4877 98 98 BM 3.64 –2.48 SSG
33 5639 0.5709 16.038 0.738 . . . . . . . . . 90 98 SM 2.29 –2.40 Unc
38 4508 0.8726 16.121 0.751 WV28 0.97157k . . . 98 . . . BU 2.04 –2.42 AB
40 5459 0.6071 17.518 0.998 V10 3.1596 . . . 94 . . . . . . 2.41 –1.79 AB
49 4989 0.2781 16.104 0.970 V05 0.5860 . . . 95 . . . . . . 1.41 –2.58 SSG
53 5078 0.0727 14.465 0.601 V34 4.5295 4.78303 98 97 BM 1.11 –3.34 BSS
65 5024 0.1649 17.071 0.957 V33 3.2064 . . . 93 . . . . . . 0.860 –2.41 AB
71 5337 0.8961 15.759 0.848 V04 0.3425 . . . 96 . . . U 0.772 –2.98 AB-WUMa
78 4603 0.5702 17.753 1.140 V37 7.0235 . . . 91 . . . . . . 0.595 –2.30 AB
84 5379 1.0484 15.372 0.570 WV3 0.18148k 120.2100 98 98 BM 0.421 –3.40 BSS
Uncertain Members
14 5760 1.4338 21.462 0.276 . . . . . . . . . . . . . . . . . . 4.78 0.09 CV/AGN candidate
24 5569 1.5544 21.865 –0.287 WV2 0.15059k . . . . . . . . . . . . 4.79 0.25 CV candidate
28 4566 0.5028 21.904 0.099 . . . . . . . . . . . . . . . . . . 2.60 0.00 CV/AGN candidate
29 5565 1.2372 20.979 0.381 . . . . . . . . . . . . . . . . . . 3.29 –0.27 CV/AGN candidate
45 4428 1.4499 21.460 0.862 . . . . . . . . . . . . . . . . . . 2.09 –0.27 CV/AGN candidate
48 SMV-8056 0.5807 20.721 1.614 . . . . . . . . . . . . . . . . . . 1.43 –0.73 Unc
76 7237 1.6723 21.737 0.289 . . . . . . . . . . . . . . . . . . 1.06 –0.46 CV/AGN candidate
Non-Members
1 5629 0.0414 13.293 0.800 V08 5.2096z 4.08675 0 0 BN . . . –2.26 Foreground RSCVn
2 5250 0.3049 17.840 0.346 . . . . . . . . . 0 . . . . . . . . . –0.49 AGN candidate
3 877-000366 0.9800 9.525 0.678 . . . . . . . . . . . . . . . . . . . . . –4.26 Foreground star
6 4035 0.2945 17.776 0.421 . . . . . . . . . 0 . . . . . . . . . –1.05 AGN candidate
7 4354 0.2478 20.228 0.407 . . . . . . . . . 0 . . . . . . . . . –0.25 AGN candidate
11 4541 0.2566 21.340 0.020 . . . . . . . . . 0 . . . . . . . . . 0.06 AGN candidate
12 4645 0.1641 21.001 0.233 . . . . . . . . . 0 . . . . . . . . . –0.13 AGN candidate
15 4764 0.4219 19.903 0.385 . . . . . . . . . 0 . . . . . . . . . –0.53 AGN candidate
17 4679 0.3701 19.182 1.657 WV29 0.97403k . . . 0 . . . . . . . . . –0.92 NM
51 5733 0.9698 15.985 0.765 V29 1.1513 8.70400 98 0 BN . . . –2.59 AB
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Table 2 – continued Primary Chandra catalogue: Optical Counterpart Properties
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
CX OID Dox V B − V Var PPh PSp MPPM MPRV RV Variable LX,u log(FX/FV )u Class
Type
(′′) (days) (days) (1030 erg s−1)
Non-members: continued
56 4082 0.2260 19.336 1.665 . . . . . . . . . 0 . . . . . . . . . –1.20 NM
60 5912 0.2783 16.386 0.831 . . . . . . . . . 0 . . . . . . . . . –2.62 NM
67 5934 0.4161 14.342 0.456 V30c 1.2996cc . . . 0 . . . BU . . . –3.51 NM
75 5292 1.5376 13.075 0.545 . . . . . . . . . 0 0 SN . . . –4.06 NM
76 6203xxxxxx 18.5846 15.256 0.524 . . . . . . . . .ccccc 0 . . . . . . . . . –3.05 NM
77 6193 1.0664 14.560 0.846 . . . . . . . . . 0c . . . U . . . –3.40 NM
80 4681 0.8204 18.330 1.206 . . . . . . . . . 0 . . . . . . . . . –2.20 Unc
Col. (1): X-ray catalogue sequence number
Col. (2): Optical source ID. For CX48, the optical ID is from the Stetson catalogue Stetson et al. (2004) as this source was not present in the Platais catalogue Platais et al.
(2003), and for CX3, the optical ID is from the USNO CCD Astrograph Catalog (UCAC) Zacharias et al. (2013)
Col. (3): Distance between the X-ray source and its optical counterpart in arcsec.
Col. (4): V magnitude
Col. (5): B − V colour.
Col. (6): Short-period binary counterpart ID (Hoffmeister 1964; Kaluzny & Shara 1987; Kaluzny 1990; Zhang et al. 2004; Kafka & Honeycutt 2003).
Col. (7): Photometric period (in days) of the short-period binary counterpart. Values from Mochejska et al. 2008 unless specified – kKafka & Honeycutt 2003; zZhang et al.
2004)
Col. (8): Spectroscopic period (in days) of the short-period binary counterpart (Geller et al. 2009)
Col. (9): Membership probability determined from proper-motion studies (Platais et al. 2003)
Col. (10): Membership probability determined from radial velocity studies (Geller et al. 2008)
Col. (11): Radial-velocity (RV) variable type (Geller et al. 2008); SM - single member, BM - binary member, U - unknown class, BU - binary with unknown membership, SN
- single non-member, BN - binary non-member
Col. (12): Unabsorbed X-ray luminosity (0.3–7 keV), assuming the source lies at the distance of the cluster (1650 pc)
Col. (13): Unabsorbed X-ray (0.3–7 keV) to optical (V band) flux ratio using a 2 keV MeKaL model and neutral hydrogen column of 5× 1020 cm−2
Col. (14): Object classification : CV - Cataclysmic variable ; AB - Active binary ; SSG - Sub-subgiant ; BSS - Blue straggler star ; Unc - Uncertain classification; NM - Single
or binary foreground or background (non-member) star; AGN - active galactic nucleus
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Table 3. Cross-reference table between our Chandra catalogue and the 3XMM-DR6 catalogue
CX SRCID Flux GX
(10−15 erg cm−2 s−1)
3 201006401010002 91±2 2
4 201006401010022 21±1 -
5 201006401010014 16.3±0.7 13
6 201006401010004 29.0±0.9 4
7 201006401010020 24±1 14
8 201006401010048 15±1 40
9 201006401010038 17±1 23
11 201006401010031 8.1±0.5 29
12 201006401010019 15.3±0.8 16
13 201006401010027 15.2±0.8 18
15 201006401010074 11±1 -
17 201006401010047 6.9±0.6 -
18 201006401010075 4.5±0.4 -
19 201006401010041 6.7±0.5 46
24 201006401010063 9.3±0.8 57
25 201006401010045 8.3±0.5 36
26 201006401010034 11.9±0.6 28
27 201006401010033 7.3±0.5 42
29 201006401010101 7.9±0.7 -
30 201006401010053 6.4±0.5 54
34 201006401010162 2.0±0.3 -
35 201006402010183 1.6±0.9 -
36 201006401010066 3.8±0.5 -
37 201006401010093 3.0±0.4 -
38 201006401010026 13.0±0.6 20
39 201006401010084 5.1±0.5 -
45 201006401010133 4±1 -
49 201006401010055 7.1±0.6 45
51 201006402010136 10±2 -
55 201006402010140 2.2±0.5 -
56 201006401010046 15.0±0.8 47
58 201006401010072 6.4±0.7 49
59 201006401010128 5.0±0.8 -
64 201006401010119 3.3±0.5 -
72 201006401010122 2.6±0.3 -
74 201006401010148 2.7±0.6 -
76 201006401010123 9±2 -
76 201006402010151 7±2 -
77 201006401010080 13±2 -
78 201006402010175 1.4±0.4 -
79 201006401010155 2.9±0.5 -
Col. (1): Chandra ID
Col. (2): XMM-Newton serendipitous source catalogue ID
Col. (3): Flux obtained from XMM-Newton (0.5 – 4.5 keV)
using a power law model with Γ = 1.7 and NH = 3×10
20 cm−2
Col. (4): X-ray source ID from Gondoin (2005)
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Table 4. Comparison of X-ray Sources in Old Open Clusters with LX ≥ 10
30 erg s−1 (0.3–7 keV) inside rh
Cluster Age Mass NX NX,CV NX,SSG NX,AB log(2L30/Mass)
(Gyr) (M⊙)
M 671 4 2100+610
−550 12 0 1 7 – 8 28.6
NGC1882 7 2300±460 9 – 12 ≤ 2 2 4 28.4 – 28.5
NGC 68193 2 – 2.4 2600 3 – 8 .1 .1 .4 28.8 – 29.3
NGC 67914 8 5000 – 7000 15 – 19 3 – 4 3 7 – 11 28.6 – 28.8
Cr 2615,a 7 5800 – 7200 .26±8 .4 .2 2 – 23 .28.6 – 28.7
Col. (1): Cluster name
Col. (2): Cluster age in Gyr
Col. (3): Mass of the cluster in M⊙
Col. (4): Number of X-ray sources within r ≤ rh and LX ≥ 1× 10
30 erg s−1
Col. (5): Number of CVs within aforementioned radius and luminosity limit
Col. (6): Number of SSGs within aforementioned radius and luminosity limit
Col. (7): Number of ABs within aforementioned radius and luminosity limit
Col. (7): Ratio of the total X-ray luminosity of sources inside rh brighter than 1×10
30 erg s−1 (L30),
and cluster mass. The multiplicative factor 2 is included to scale the mass estimate to the half-mass
radius.
References – 1van den Berg et al. (2004); Geller et al. (2015), 2this work and Chumak et al.
(2010), 3Gosnell et al. (2012); Platais et al. (2013), 4van den Berg et al. (2013); Platais et al. (2011),
5Vats & van den Berg (2017)
aMembership information is unavailable for Cr 261, leading to large uncertainties.
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